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In laboratory experiments, the inﬂuence of inﬂow and outﬂow sequences on the behavior of ﬁne sedi-
ment was investigated. The experimental set-up consisted of two interconnected rectangular basins,
between which water was moved back and forth. Suspended sediment concentration in the main basin
as well as the sediment exchange rates were derived from turbidity measurements.The suspended
sediment ratio, SSR, and sediment exchange rates (inﬂux sediment rate, ISR, and evacuated sediment rate,
ESR) were measured. In twenty test runs, a parametric study on the magnitude and frequency of inﬂow
and outﬂow cycles, the relative duration between inﬂow and outﬂow sequences, the initial sediment
concentration, and the intake position was done. An initial test with stagnant water described the set-
tling behavior of ﬁne sediment and served as a reference scenario.The test results show that settling of
ﬁne particles near the intake/outlet structure can be considerably reduced by the nature of the inﬂow
and outﬂow sequences. High cycle magnitude and frequency lead to maximum suspended sediment
ratio in the system. For low discharges, the evolution of suspended sediment concentration cannot be
directly correlated to the inﬂow and outﬂow cycles. However, compared to “no operation” conditions, the
suspended sediment ratio could be increased by 10% to 40% locally. For high discharge, the evolution of
suspended sediment concentration correlated with discharge cycles and suspended sediment ratios
between 50% and 80% higher than for stagnant water could be achieved. Similar ratios could be obtained
when the intake is located closer to the bottom or to the free water surface.Meanwhile, the overall
sediment balance remained in equilibrium over the test period, indicating that the inﬂux and evacuated
sediment rates are not signiﬁcantly inﬂuenced by the inﬂow and outﬂow cycles.
& 2017 International Research and Training Centre on Erosion and Sedimentation/the World Association
for Sedimentation and Erosion Research. Published by Elsevier B.V. All rights reserved.1. Introduction
Reservoir sedimentation affects many of the storage facilities
for drinking water supply, ﬂood retention, and/or hydropower
production (Batuca & Jordaan, 2000). When dam construction
interrupts the continuity of sediment transport in a river, the
deposition and settling processes of the particles supplied from
the upstream catchment area start ﬁlling up the reservoir. In the
case of hydropower, the accumulating sediment reduces the sto-
rage capacity as well as operational efﬁciency and consequentlyg Centre on Erosion and Sedimen
c Constructions (LCH), Ecole
ion 18, CH-1015 Lausanne,
Müller),
iss@epﬂ.ch (A.J. Schleiss).
ns (LCH), Ecole Polytechnique
sanne, Switzerlandendangers both sustainability and safety of the plants (Basson,
2009; Knoblauch et al., 2005; Müller, 2012; Müller et al., 2014;
Schleiss et al., 2010). Deposits in front of intake/outlet structures
or clogging of bottom outlets can lead to ﬂow perturbations and
safety concerns (Boillat & Delley, 1992; Boillat & Pougatsch, 2000).
In Alpine storage reservoirs the main sedimentation process is
turbidity currents, taking place generally during annual ﬂood
events, mainly during peak inﬂow (De Cesare et al., 2001; Schleiss
et al., 2016). According to the density difference, the sediment-
laden ﬂow follows the thalweg to the deepest area of the reservoir,
which is normally close to the dam and/or the power intakes,
forming a so-called muddy lake. For storage hydropower plants,
several measures against turbidity current driven sedimentation
have been studied (Oehy et al., 2010; Oehy & Schleiss, 2007), i.e.
obstacles stopping the current propagation or maintaining parti-
cles in suspension in front of intakes to be evacuated by the tur-
bines. A similar approach has been investigated by Jenzer Althaus
(2011), who studied the effect of a rotating jet induced ﬂow closetation/the World Association for Sedimentation and Erosion Research. Published by
Nomenclature
Symbols
B Width [m]
C Suspended sediment concentration [g/l]
Ccalc Concentration estimated using the calibration
equation [g/l]
D Diameter [m]
dm Mean particle diameter [mm]
ds Diameter of the particle [m]
ERRC Average error of concentration estimates [g/l]
ESR Evacuated sediment rate [-]
f Frequency [Hz]
H Height [m]
INCSSR Normalized increase of suspended sediment ratio [-]
ISR Inﬂux sediment rate [-]
KtP Frequency of inﬂow and outﬂow cycles [-]
L Length [m]
M Sediment mass [g], [kg], [t]
Msusp Suspended sediment mass [g]
n Number of sampling points or samples [-]
Q Discharge [m3/s], [l/s]
SB Sediment balance [-]
SSR Suspended sediment ratio [-]
SSRRef Suspended sediment ratio in stagnant water [-]
t Time [s]
tm Mean residence time [s]
tP Time to peak for inﬂow or outﬂow sequence [s]
TU Turbidity [FNU]
V Volume [m3]
zi Position of the intake/outlet structure above the
reservoir bottom [m]
ΔH Height variation [m]
λ Scale factor [-]
λL Geometric scale factor [-]
λv,t,Q Kinematic scale factor [-]
ν Kinematic viscosity [m2/s]
ρ Density [kg/m3]
Indices
0 Initial
ﬁnal End of the experiment
IN Inﬂow
i Intake
MB Main basin
MT Mixing tank
m Mean
max Maximum
mod Model
OUT Outﬂow
P Peak
prot Prototype
Ref Reference
S Sediment or solid
turb Turbulent
w Water
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sediment through the power intakes.
Further experimental research on suspended sediment beha-
vior in reservoirs was done by Yu et al. (2000), describing the
deposition behavior in the muddy lake area, by Qi et al. (2000),
analyzing sediment re-suspension by a turbulent jet in an intake
pond, by Kantoush et al. (2008), focusing on shallow ﬂows as well
as by Toniolo and Schultz (2005), studying trap efﬁciency of a
reservoir depending on the outlet location.
Sediment can be kept in suspension by jet induced ﬂow. In
industrial applications, jet mixing has become an alternative to
conventional impeller mixing (Wasewar, 2006). Numerous
experimental studies on sedimentation and deposition from par-
ticle laden turbulent jets and plumes have been carried out
(Cardoso & Zarrebini, 2001a, 2001b; Cuthbertson & Davies, 2008;
Ernst et al., 1996; Lane-Serff & Moran, 2005). However, the effect
of repetitive inﬂow and outﬂow sequences and the inﬂuence of
their amplitude and frequency on ﬁne sediment behavior have not
been investigated so far.
Pumped-storage activity alters reservoir stratiﬁcation and par-
ticle dynamics (Anderson, 2010; Bonalumi et al., 2011; Imboden,
1980; U.S. Bureau of Reclamation, 1993). Inspired by the operating
mode of pumped-storage plants, a new approach of keeping ﬁne
particles in suspension was investigated by Müller(2012) with the
idea that ﬁne sediment deposition in the area of intake/outlet
structures could be reduced due to the turbulence induced by an
adequate plant operation. As a part of that research, prototype
turbidity monitoring in the pressurized system of an Alpine
pumped-storage plant revealed correlation between short term
evolution of suspended sediment concentration and pumped-
storage sequences (Müller et al., 2014).
The experimental approach of the doctoral thesis (Müller,
2012) is presented in this paper. The objective is to experimentallyinvestigate how repetitive inﬂow and outﬂow sequences affect the
settling processes of suspended sediment and the sediment bal-
ance of the system. Speciﬁcally, the inﬂuence of magnitude and
frequency of inﬂow and outﬂow cycles, relative sequence duration,
initial sediment concentration, and intake position on suspended
sediment ratios and sediment exchange rates is addressed. The
paper describes the experimental set-up and the measuring
equipment. Parameter variations, measurement uncertainties, and
the different test conﬁgurations are presented and results are
discussed.2. Test facility and instrumentation
The laboratory experimental facility consisted of two basins
interconnected by a reversible water circuit for generating inﬂow
and outﬂow sequences. Discharge was regulated and controlled
during the experiment, ﬂow velocities were recorded using
Ultrasonic Velocity Proﬁlers (UVP) and turbidity in both basins
was continuously measured. The set-up and the measuring tech-
niques are described in the following sections.
2.1. Main basin with intake/outlet
Most of the relevant measurements were carried out in the
rectangular main basin (subscriptMB, Fig. 1). It has an inner length
of LMB¼4.0 m, an inner width of BMB ¼ 2.0 m and a height of
HMB¼1.5 m. One lateral wall and the front wall are made of glass
for ﬂow visualization, where as the other walls and the horizontal
bottom are made of steel.A perforated steel plate is inserted ver-
tically at 0.5 m from the back wall to disconnect the test chamber
from the zone inﬂuenced by the feeding conduit, the security
Fig. 2. Mixing tank and ﬂow diverting system; A is the rigid PVC conduit to the
main basin; B, the pump and its velocity regulator; C, the ﬂow diverting valves; D,
the ﬂowmeter; E, the pressurized air supply; F, the mixing tank; and G, the security
spillway connected to a sewer.
Fig. 1. Photo of the laboratory set-up; A is the main basin; B, the intake/outlet; C,
the mixing tank; D, the frame with UVP sensors; E, the movable frame with the
turbidity probe; F, the pressurized air supply; and G, the feeding conduit for initial
ﬁlling of the system.
M. Müller et al. / International Journal of Sediment Research 32 (2017) 155–170 157spillways, the purge outlet, and the pressurized air supply of the
main basin.
The water intake/outlet is located at the front wall and can be
placed at zi¼0.25, 0.50, or 0.75 m above the reservoir bottom. The
water intake has been designed to reduce head losses and turbu-
lence disturbing the ﬂow in the vicinity of the structure (Jenzer
Althaus, 2011). It consists of an elliptical bell mouth shaped intake
followed by a cylindrical throat with an inner diameter of Di¼48
mm (detail B in Fig. 1).Fig. 3. Photo (above) and measuring system (below, source: HACH LANGE manual)
of the SOLITAX sc turbidity sensor (a) and turbidity calibration curve for the two
probes (b).2.2. Mixing tank
The mixing tank (subscript MT, C in Fig. 1) consists of a rec-
tangular prismatic tank with vertical PVC walls reinforced by steel
frames. With its inner dimensions of LMT¼1.98 m, BMT¼0.98 m,
and HMT¼1.06 m, it provides a volume of approximately
VMT¼2 m3. Similar to the main basin it is equipped with a pres-
surized air supply for mixing purposes at the beginning of the
experiments.This basin provides mixing possibility and storage
volume to move water from or to the main basin. Thus, the mixing
tank intake/outlet is not specially designed and just consists of a
conduit entering the tank at z¼0.25 m above the bottom.2.3. Flow diverter
A ﬂow diverting system of soft plastic and rigid aluminum
pipes (Fig. 2) allowed ﬂow operation in the two directions deﬁned
as follows:
1. IN-sequence water entering the main basin (inﬂowing jet)
2. OUT-sequence water withdrawn from the main basin (outﬂow)
A rigid conduit of diameter D¼4.8 cm and length L¼1.5 m
between the ﬂow diverting system and the intake/outlet of the
main basin assures uniform approach ﬂow (straight jet) especially
during the inﬂow sequences. Discharge is measured by an elec-
tromagnetic ﬂow meter and regulated by a pump. The semi-rigid
diverting conduits are connected by four small manual valves
which allow the ﬂow direction to be changed during the
experiment.2.4. Turbidity probe
The turbidity in the two basins was measured by two SOLITAX
sc sensors (HACH LANGE, Germany, Fig. 3a) connected to the
acquisition and display system SC100 Controller of the same
manufacturer. Based on an infrared absorption scattered light
technique, the probe determines the turbidity in the sampled
water. In the present study, turbidity values were acquired at a
frequency of f¼0.2 Hz. The linear relation between the turbidity
TU [FNU] and the suspended sediment concentration C [g/l] was
determined in the laboratory for known sediment concentrations
from C¼0.3 to 1.5 g/l. In addition, the initial sediment concentra-
tions, C0, at the beginning of each test run were considered as
validation points. The following calibration relation was derived
(Fig. 3b):
CMB ¼ 0:0038UTUMB0:0099 ð1Þ
CMT ¼ 0:0041UTUMT0:0138 ð2Þ
where CMB: the suspended sediment concentration in the main
basin [g/l], CMT: the suspended sediment concentration in the
mixing tank [g/l], TUMB: the measured turbidity in the main basin
[FNU], and TUMT: the measured turbidity in the mixing tank[FNU].
In the main basin, the turbidity sensor was installed in the
opposite quadrant to the UVP measurements. During the experi-
ments, the concentration was continuously recorded at the intake
height, zi. After every third ﬂow reversal, the probe was temporally
M. Müller et al. / International Journal of Sediment Research 32 (2017) 155–170158moved vertically to evaluate the vertical distribution of suspended
sediment. In the mixing tank, the measuring point is located in the
center of the chamber at the height of the inﬂow/outﬂow conduit.
It is assumed that the point measurement of suspended sedi-
ment concentration is representative for the whole test chamber,
thus, an uncertainty due to possible spatial variations of the sus-
pended sediment concentration is accepted. The root mean square
error of the concentration measurements was determined using
the sampled TU-C pairs. The average error, ERRC, is:
ERRC ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃX CcalcC0ð Þ2
n1
s
ð3Þ
where Ccalc: the concentration [g/l] estimated using the calibration
equation, C0: the known initial concentration [g/l] applying C ¼ M/
V, andn: the number of samples considered for error estimation
[-].The average error introduced due to calibration is ERRC,MB
¼70.048 g/l for the probe in the main basin and ERRC,MT
¼70.024 g/l in the mixing tank.
2.5. Ultrasonic velocity proﬁlers
Flow patterns in the main basin were measured with Ultrasonic
Velocity Proﬁlers (UVP, Met-Flow, Switzerland (Met-Flow SA,
2000)). This technique, developed by Takeda (1995), allows
instantaneous velocity proﬁle measurement by using the Doppler
shift of echoes reﬂected by small particles in the ﬂuid. In former
studies, turbidity currents and 2D ﬂows in shallow reservoirs were
successfully monitored by this ﬂow mapping technique (De Cesare
& Schleiss, 1999; Kantoush et al., 2008). Suspended sediment
provides an excellent ﬂow tracer and assures high reliability of
velocity measurements.
Seventeen 2 MHz UVP transducers were aligned on a movable
aluminum frame along the side wall of the test chamber to measure
horizontal 2D velocity ﬁelds at several levels in the main basin. The
conﬁguration with operating UVP azimuth angles of 90° and 45°
minimizes the inﬂuences of the measuring equipment on the ﬂow
conditions. Flow velocity was sampled at 28 points in one quadrant
of the test chamber, resulting in 2D ﬂow patterns of 1.0 x 2.0 m2.
The UVP ﬂow mapping served to observe the temporal devel-
opment of kinetic energy in the main basin as well as to calibrate a
3D numerical model of the test facility. As this paper is focusing on
the behavior of the suspended sediment phenomenon, the results
of UVP velocity measurements are not discussed further here.Table 1
Mean residence time, tm, and time to peak, tP, for different discharges, Q.
Q [l/s] tm [s] tP [s] tP/tm [-]
0.3 30,056 4080 0.136
0.5 18,034 2280 0.126
0.7 12,881 1500 0.116
0.9 10,019 1080 0.108
1.1 8197 810 0.0993. Experimental parameters
3.1. Similarity rule and normalizing parameters
The experiments are carried out respecting the criterion of
Froude similarity. The same relationships for inertia and gravity
forces apply in prototype (subscript prot) and model (subscript
mod). Geometric (L) and kinematic (v, t, Q) parameters follow the
relations
λL ¼
Lprot
Lmod
; λv; t ¼ λ1=2L ; λQ ¼ λ
5=2
L ð4Þ
The Reynolds number at the intake/outlet is 7560rReir29,
180 and, thus, turbulent conditions were present for every tested
discharge.
The main basin width, BMB, was chosen for normalizing lengths.
Velocities and time are normalized by the approach ﬂow velocity
in the pipe, v0¼QIN,OUT/A, and the mean residence time, tm ¼ VMB/
QIN,OUT, respectively. The latter was proposed by Stefan and Gu
(1992) to be used for normalization of time in jet mixing problems.However, in the presentation of results there may be some
exceptions when real time presentation is necessary for better
understanding.
3.2. Sediment material
Settling processes are affected by properties of the surrounding
ﬂuid (viscosity, ν, and density, ρw) and particle characteristics
(diameter, dS, material density, ρS, shape factor, SF, and concentra-
tion, C0 (van Rijn, 1984)). The water temperature during the
experiments varied between Tw ¼ 14 and 17 °C. Viscosity effects on
settling velocity are small in this range and can, thus, be neglected.
The experiments were carried out using walnut shell powder to
reproduce the suspended sediment. Previous research showed
that this homogeneous material presents ideal behavior to model
reservoir sedimentation processes (Jenzer Althaus, 2011; Kantoush
et al., 2008). Density is ρs ¼1480 kg/m3, the mean particle dia-
meter is dm¼121 mm, and the particles are slightly angular shaped.
These characteristics allow reproduction of prototype ratios
between ﬂow velocities and settling velocities in the reservoir. As
organic material is subject to swelling, long-term tests on the
behavior of the nutshell powder were carried out. Swelling is
negligible over the investigated test duration and does allow cor-
rect turbidity measurement.
Tests were carried out for C0¼0.8 g/l in both basins. As sedi-
ment concentration inﬂuences the settling velocity in a ﬂuid, two
experiments were carried out with lower and higher concentra-
tions of C0¼0.3 and 1.5 g/l, respectively, in the two basins.
3.3. Magnitude and frequency of inﬂow and outﬂow cycles
The experiments were carried out for ﬁve different discharges
from Q¼0.3 to 1.1 l/s. These magnitudes of the inﬂow and outﬂow
cycles were given by the volumes of the main basin and the
mixing tank and the design of the water intake/outlet (Jenzer
Althaus, 2011) as well as by considering discharges, velocities, and
residence times of real case pumped-storage plants. The range of
chosen cycle magnitudes considering Froude similarity situates
the experimental scale at λL¼50–100 approximately.
The initial frequency of inﬂow and outﬂow cycles, KtP, was
determined through tests by numerical simulations and under
clear water conditions. In the numerical model, the temporal
evolution of the kinetic energy in the test chamber was evaluated
to deﬁne the duration needed to achieve steady state conditions
during an inﬂow, outﬂow, and “no operation” sequence. This
energy was calculated as the sum of the ﬂow velocities computed
in each grid cell and reached maximum values for a fully devel-
oped and constant velocity ﬁeld. Therefore, the duration to reach
steady state conditions in the test chamber was called “time to
(reach) peak (energy)”, tP. This parameter depends on discharge
and was determined by pilotphysical modeling and numerical
simulation tests. Table 1 lists the mean residence time, tm, the time
to peak, tP, and corresponding dimensionless time, tP/tm, which
varies between tP/tm¼0.099 and 0.136 for the ﬁve test discharges.
The base conﬁguration for each discharge consists in ﬁve cycles
resulting in experiment durations, 10tP, between 2 h 15 min and 11
Fig. 4. Selection of ten investigated inﬂow and outﬂow cycles. Variation of discharge Q¼0.3 (a), 0.5 (b), 0.7 (c), 0.9 (d), and 1.1 l/s (e) for cycle frequency, KtP¼1.0. Variation of
cycle frequency KtP¼0.6 (f), 0.8 (g), and 1.2 (h) for discharge Q ¼ 0.7 l/s. Variation of relative sequence duration tP,IN/tP,OUT¼0.5 (i) and 2.0 (j) for discharge Q¼0.7 l/s and cycle
frequency KtP¼0.6.
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is similar to a square wave. Dissipation or “no operation”
sequences were not reproduced.Four different cycle frequencies,
KtP, were studied (Fig. 4f to h). Initial cycle frequency, KtP ¼ 1.0,
means that at the end of each inﬂow or outﬂow sequence steady
state conditions are achieved in the basin just when ﬂow direction
is reversed.Higher frequencies, KtP¼0.6 and 0.8, implicate faster
changes in operation mode and do not allow the development of a
constant velocity ﬁeld in the test chamber before ﬂow reversal.
KtP¼1.2 is assumed to prolongate the steady conditions in the
basin before the reversal of ﬂow direction. The variation of cycle
frequency was tested for three of the ﬁve discharges.
The presented variation of magnitudes and frequencies of
inﬂow and outﬂow cycles cover quite a wide range of short and
long sequences with high and low discharges. However, in engi-
neering applications, such as pumped-storage plants, perfect cyclic
behavior of inﬂow and outﬂow sequences is rare. In real cases,
rather random operational hydrographs with sometimes varying
discharges within the proper cycles are observed. Nevertheless,
most of the pumped-storage operations present a cyclic behavior,
according to daily, weekly, or seasonal production/absorption
purpose.
Two additional experiments with a different relative sequence
duration, tP,IN/tP,OUT, were tested. An inﬂow sequence occupied double
the time of an outﬂow sequence and vice-versa (Fig. 4i and j).
3.4. Intake/outlet position
Flow patterns in the test chamber are changing when the
intake/outlet is located closer to the reservoir bottom or the free
surface. With changing ﬂow conditions, the behavior of suspended
sediment is expected to be altered as well. Therefore, the position
of the intake/outlet structure above the basin bottom, zi/BMB, was
changed for two experiments, from the initial location at zi/
BMB¼0.25 to zi/BMB¼0.125 and 0.375 for a discharge of Q¼1.1 l/s.
3.5. Experimental procedure
After ﬁlling the main basin to H0,MB¼1.15 m and the mixing
tank to its full level H0,MT¼1.06 m, the two reservoirs are dis-
connected from the external water supply and are studied as a
closed system. For the experiments with sediment, the desired
mass of walnut shell powder was mixed with water and poured
into the basins. Pressurized air supply on the bottom generatedFig. 5. Suspended sediment ratio, SSR, as a function of time, t, in calm water conditions f
different initial concentrations (b).whirling ﬂow conditions to mix and maintain the sediment in
suspension. Air bubbles were stopped and inﬂow and outﬂow
cycles were started at t¼0 s. As the total water volume remained
constant over the experimental duration, the water level in both
basins varied in time. The maximum level variation in the main
basin was of ΔHMB¼70.18 m for one cycle.
Suspended sediment concentrationsC in the main basin and the
mixing tank were continuously measured. UVP measurements were
made one to three times per sequence, according to the cycle dura-
tion. At the end of a test run, the ﬁnal sediment content in the mixing
tank was measured after resuspending all sediment in the tank.
After having measured the reference settling curve of the
sediment under “no operation” conditions, the suspended sedi-
ment ratio, SSR, could be deﬁned for each experiment:
SSR tð Þ ¼
P
Msusp tð Þ
M0
¼Msusp;MB tð ÞþMsusp;MT tð Þ
M0;MBþM0;MT
ð5Þ
where Msusp:the suspended sediment mass in the system [g], and
M0: the initial sediment mass in the system [g].
The efﬁciency of inﬂow and outﬂow sequences in keeping the
ﬁne sediment in suspension is deﬁned by the normalized increase,
INCSSR, of suspended sediment ratio with and without inﬂow and
outﬂow cycles:
INCSSR tð Þ ¼
SSR tð ÞSSRRef tð Þ
SSRRef tð Þ
ð6Þ
High values of INCSSR represent high impact of the tested
sequences, values close to 0 indicate that the settling behavior of
the suspended sediment is only marginally inﬂuenced by the
inﬂow and outﬂow sequences.4. Experimental results and analysis
4.1. Reference tests
To evaluate the inﬂuence of inﬂow and outﬂow sequences on
suspended sediment ratio, preliminary experiments were done in
stagnant water during almost 14 h. Suspended sediment concentra-
tion was continuously measured in both tanks at z/B¼0.25 above the
bottom. Fig. 5 shows the suspended sediment ratio, SSR, as a function
of time, t. The settling behavior follows a logarithmic decay.
Periodical samples in the main basin taken at z/BMB¼0.125,
0.375, and 0.5 show that the bottom layers of the water body are
slightly more turbid (peaks in Fig. 5a). As the settling behavior inor initial sediment concentration C0¼0.8 g/l (a) and power law curves for the three
Fig. 6. Suspended sediment ratio, SSR, dimensionless increase, INCSSR, and discharge, Q, as a function of dimensionless time, t/tm, for C0¼0.8 g/l, KtP¼1.0, and Q¼0.3 (a), 0.5
(b), and 0.7 l/s (c), and reversed in-out-cycle for C0¼0.8 g/l, KtP ¼1.0, and Q¼0.7 l/s (d).
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Fig. 7. Suspended sediment ratio, SSR, dimensionless increase, INCSSR, and discharge, Q, as a function of dimensionless time, t/tm, for C0¼0.8 g/l, KtP¼1.0, and Q¼0.9 (a) and
1.1 l/s (b).
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chamber, reference tests were carried out for the two other initial
concentrations as well. Fig. 5b reveals that the temporal evolution
of SSR is very similar for all three cases, hence, no hindered settling
occurred under the experimental conditions.
During the ﬁrst four hours, the suspended sediment ratio drops
to a value of approximately SSR¼0.06. Then, it decreases slowly to
about SSR¼0.03. The base test conﬁguration for Q¼0.7 l/s and
KtP¼1.0 and with a duration of t¼15,000 s covers these four hours
during which most of the suspended sediment is settling.
The experimental results given hereafter focus on varying cycle
magnitude and frequency for C0 ¼ 0.8 g/l. The inﬂuence of initial
sediment concentration, C0, is presented later on.
4.2. Suspended sediment ratio, SSR
Continuous turbidity measurements over the test period
determined the suspended sediment concentration at a time step
of Δt¼5 s during the entire experiment. Knowing the varying
volume in the two basins, the suspended sediment mass was
calculated and SSR deﬁned (Eq. (5)). The relative increase, INCSSR,
was calculated.
Figs. 6 and 7 show the SSR and INCSSR as a function of dimen-
sionless time, t/tm, for cycle frequency, KtP¼1.0, and ﬁve different
discharges. For discharges Q¼0.3 and 0.5 l/s, the evolution of the
suspended sediment ratio does not clearly correlate with the dis-
charge curve. However, the increased ﬂuctuation of the SSR com-
pared to the reference test and the relative increase reveal a ﬁnal
suspended sediment ratio which is approximately 20–30% higher
than in stagnant water.
With increasing discharge, the evolution of SSR starts to correlate
with the discharge cycles. The suspended sediment ratio ﬂuctuates
according to inﬂow and outﬂow sequences with relative increases
between INCSSR¼50 and 60% during inﬂow Q¼0.9 and 1.1 l/s.
During the ﬁrst in-out-cycle or until t/tm¼0.2 approximately,
the settling process is dominant. Nevertheless, the magnitude ofthe cycles plays an important role in slowing down this process
(Fig. 7). Higher cycle magnitudes lead to increased SSR at the end
of ﬁve inﬂow and outﬂow cycles and allow up to 60% more par-
ticles in suspension than without inﬂow and outﬂow cycles.
However, also for Q¼0.9 and 1.1 l/s, the overall trend of the SSR
curve is still decreasing by the end of the experiment.Whether the
cycles start with an inﬂow or an outﬂow sequence only marginally
inﬂuences the overall SSR in the two basins (Fig. 6c and d).
To evaluate if SSR can be maintained at a higher level due to the
inﬂow and outﬂow sequences, the experiments for Q¼0.9 and
1.1 l/s were prolonged to the absolute duration of the basic con-
ﬁguration (Q¼0.7 l/s and KtP ¼1.0). Two and ﬁve more cycles,
respectively, were added to cover the entire main settling phase of
approximately four hours deﬁned during reference tests. The
comparison is illustrated in Fig. 8 for Q¼0.3, 0.7, 0.9 and 1.1 l/s. In
Fig. 8, SSR, INCSSR, and Q are plotted as a function of real experi-
mental time to match with results presented for the reference case
(Fig. 5). For low discharges, the correlation between suspended
sediment ratio and discharge cycles disappears after some 9,000 s
of test duration and the ﬂuctuations on the SSR curve become
smaller. However, SSR remains considerably high, with values of
INCSSR¼50 and 60% for the two highest discharges, i.e. in the same
range as after less cycles.
The inﬂuence of cycle frequency on suspended sediment ratio
is shown in Fig. 9 for Q ¼ 1.1 l/s. At increased cycle frequency KtP
¼ 0.6 or 0.8, the main basin is assumed not to reach steady state
conditions. This is conﬁrmed by the suspended sediment ratio, as
it remains high due to the increased cycle frequency, reﬂecting
discharge cycles less clearly than for KtP ¼ 1.0 and 1.2. The illu-
strated behavior of the suspended sediment ratio is also found for
the other discharges Q ¼ 0.3 and 0.7 l/s.
For KtP ¼ 0.8, the relative increase is INCSSR 80% during inﬂow
sequences, while for KtP¼0.6, 1.0, and 1.2 it is around 60%. For the
other two tested discharges, Q¼0.3 and 0.7 l/s, a lower relative
increase of INCSSR¼20–40% is found, according to the results for
the cycle magnitude variation.
Fig. 8. Suspended sediment ratio, SSR, dimensionless increase, INCSSR, and discharge, Q, as a function of time, t, for C0 ¼ 0.8 g/l, KtP ¼1.0, and Q ¼ 0.3 (a), 0.7 (b), 0.9 (c), and
1.1 l/s (d).
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Fig. 9. Suspended sediment ratio, SSR, dimensionless increase, INCSSR, and discharge, Q, as a function of dimensionless time, t/tm, for C0¼0.8 g/l, Q¼1.1 l/s, and KtP¼0.6 (a),
0.8 (b), 1.0 (c), and 1.2 (d).
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Fig. 10. Inﬂux sediment rate, ISR, and evacuated sediment rate, ESR, as a function of dimensionless time, t/tm, for C0¼0.8 g/l, KtP¼1.0, and different cycle magnitudes Q (a),
and for C0¼0.8 g/l with different cycle frequencies, KtP, and discharges Q¼0.3 (b), 0.7 (c), and 1.1 l/s (d).
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Assuming a uniform distribution of suspended sediment in the
two test chambers, the inﬂux sediment rate, ISR, and the evac-
uated sediment rate, ESR, of the main basin can be calculated for
each cycle:
ISR tð Þ ¼MS;IN tð Þ
M0
¼
P
QIN UCMT tð ÞUΔt
M0;MBþM0;MT
ð7Þ
ESR tð Þ ¼MS;OUT tð Þ
M0
¼
P
QOUT UCMB tð ÞUΔt
M0;MBþM0;MT
ð8Þ
The evolution of the cumulative inﬂux and evacuated sediment
rate are presented in Fig. 10 as a function of t/tm. The two sediment
rates develop practically symmetrically in time, indicating that the
sediment balance, SB, of the system is almost in equilibrium.
As high cycle magnitude keeps the suspended sediment ratio at
a higher level in the system, inﬂux and evacuated sediment rates
increase with increasing discharge. The growth rates of the two
curves develop proportionally to the suspended sediment ratio, i.e.
slope is steeper during the ﬁrst cycles and then the curves ﬂatten
toward the end of the experiment. After ﬁve inﬂow and outﬂow
cycles, ISR and ESR are both around 9% for Q¼1.1 l/s. For the lowest
discharge, Q¼0.3 l/s, values around 5% were computed (Fig. 10a).
Cycle frequency affects the ﬁnal inﬂux and evacuated sediment
rate. Longer test duration increases the amount of sediment
entering and leaving the main basin. However, Fig. 10b to d reveals
that high frequency cycles of KtP¼0.6 and 0.8 reach, approxi-
mately, the same inﬂux and evacuated sediment rates as the lower
frequency cycles.
4.4. Sediment balance of the system
The sediment balance, SB, of the system was established from
the inﬂux (ISR) and evacuated sediment rate (ESR) for the main
basin:
SB tð Þ ¼MS;IN tð ÞMS;OUT tð Þ
M0
¼ ISR tð ÞESR tð Þ ð9ÞThe SB deﬁnes the normalized sediment mass transferred from
one reservoir to the other. A negative sediment balance indicates
particle evacuation from the main basin.
As previously discussed, the ISR and ESR developed similarly in
time. SB calculations conﬁrm this behavior. Even if the transported
mass during inﬂow and outﬂow sequences is quite high, the
sediment balance in the system is not signiﬁcantly inﬂuenced by
the inﬂow and outﬂow cycles. The sediment balance is -0.03 o SB
o 0.04 for all tested conﬁgurations (Fig. 11). Thus, inﬂow and
outﬂow cycles move a lot of sediment back and forth but do not
contribute to sediment redistribution between the two reservoirs
for the chosen experimental set-up.
Neither cycle magnitude nor cycle frequency affect the sediment
balance in one or the other direction. However, the relative sequence
duration does, as the sediment balance shifts to values between SB
¼-0.03 and 0.03 according to inﬂowing or outﬂowing water.
For nearly all test conﬁgurations, the sediment balance is
positive at the end of the experiment. As the suspended sediment
ratio is highest at the very beginning of the experiment, the ﬁrst
inﬂow sequence leads automatically to the highest sediment input
into the main basin over the total test duration. This effect remains
unbalanced even if the following inﬂow and outﬂow cycles keep
transporting sediments from one test chamber to the other. A test
with reversed inﬂow and outﬂow cycles (Fig. 6d) conﬁrms this
statement, presenting a negative sediment balance on the same
order of magnitude as the tests starting with an inﬂow sequence.5. Discussion
Five parameters were varied for the test series. To discuss the
inﬂuence of cycle magnitude, Q, and frequency, KtP, as well as
other parameters relative to sequence duration, tP,IN/tP,OUT, initial
sediment concentration, C0, and intake position, zi, the mean
values of suspended sediment ratio, SSRm, and relative increase,
INCSSR, over each inﬂow and outﬂow sequence are considered.
For all analyzed cycles, the ﬁrst inﬂow and outﬂow cycle is
dominated by the settling process of the sediment. Up to t/tm¼0.2,
a decrease to approximately SSR¼0.4 is observed. About 60% of
the ﬁne sediment settled over this period, almost independently
Fig. 11. Sediment balance, SB, as a function of dimensionless time, t/tm, for C0¼0.8 g/l, KtP ¼1.0, and different discharges, Q (a), for different cycle frequencies, KtP, and
discharges Q¼0.3 (b), 0.7 (c), and 1.1 l/s (d), for Q¼0.7 l/s and different relative sequence durations, tP,IN/tP,OUT. (e), and for Q¼1.1 l/s and different intake positions, zi/BMB (f).
Fig. 12. Mean suspended sediment ratio, SSRm, (a) and mean relative increase, INCm,SSR, (b) as a function of dimensionless time, t/tm, for ﬁve different discharges.
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Therefore, the evolution of suspended sediment ratios, SSRo0.4,
(Fig. 12a) is of major interest for the induced cycle analysis.
5.1. Cycle magnitude
Fig. 12 shows the mean suspended sediment ratios SSRm, as well
as the mean relative increase, INCm,SSR, as a function of t/tm. For low
discharges, Q¼0.3 to 0.7 l/s, corresponding to tm Z 12,881 s, SSRcan be increased by 10 to 40% compared to a scenario without
operation. Evolution of SSR is not well correlated to the inﬂow and
outﬂow cycles. For higher cycle magnitudes, Q¼0.9 and 1.1 l/s,
corresponding to tmr8197 s, evolution of SSR correlates with
discharge cycles and the suspended sediment ratio increases by
50–60% (Fig. 12b). The remaining SSRm,ﬁnal at the end of ﬁve cycles
are listed in Table 2 and shown in Fig. 13.
Increased inﬂow and outﬂow cycle magnitude leads to higher
overall SSR and correlations with the discharge cycles. Thus, SSR is
Table 2
Discharge, Q, corresponding mean residence time, tm, and suspended sediment
ratio, SSRm,ﬁnal, for different cycle frequencies, KtP.
Q [l/s] tm [s] KtP [-] SSRm,ﬁnal [%]
0.3 30,056 0.6 5.5
0.8 5.6
1.0 3.7
1.2 3.8
0.5 18,034 1.0 6.5
0.7 12,881 0.6 8.7
0.8 7.8
1.0 6.7
1.2 6.7
0.9 10,019 1.0 10.6
1.1 8,197 0.6 18.2
0.8 17.9
1.0 13.2
1.2 11.0
Fig. 13. Mean suspended sediment ratio at the end of the experiment, SSRm,ﬁnal, as a
function of mean residence time, tm, for different cycle frequencies, KtP.
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sequences.The systematically increasing SSR during inﬂow
sequences could have three origins.
1. First, suspended sediment from the mixing tank enters the main
basin. However, quantities from the mixing tank are not high
enough to explain the difference of 10 to 20% between inﬂow
and outﬂow sequences.
2. Second, resuspension of already settled particles could occur.
This contribution to the increase of SSR could not be quantiﬁed
in the experiments, but is expected to be very small due to very
low ﬂow velocities near the bottom.
3. Third, the main reason for the higher SSR during inﬂow
sequences, the kinetic energy input from the entering jet allows
mixing of the chamber. Hence, particles that have settled are
again moved vertically as well as horizontally in the water body
due to the induced ﬂow patterns, and SSR increases.
Continuous inﬂow and outﬂow sequences for the two highest
discharges allow an increase of the mid-term suspended sediment
ratio by 50 to 60%.
5.2. Cycle frequency
Results of the parametric study on cycle frequency are shown
in Fig. 14. Increased cycle frequencies, KtP¼0.6 or 0.8, inhibit theevolution of steady ﬂow conditions in the main basin. The evolu-
tion of SSR is highly ﬂuctuating and does not correlate with the
discharge cycles.
In case of low discharges, Q ¼ 0.3 and 0.7 l/s, this is for
tmZ12,881 s, no clear tendency is observed for the different
conﬁgurations. SSR is increased by 5–40% after the ﬁve inﬂow and
outﬂow cycles (Fig. 14a, b). Short sequences never provide sufﬁ-
cient time to reach steady state conditions, inﬂuencing mixing
efﬁciency.
For tm¼8197 s (Q ¼1.1 l/s) the temporal evolution of SSRis
correlated with the discharge cycles, for all tested frequencies
(Fig. 14c). High cycle frequency leads to mean suspended sediment
ratios, SSRm, by 60–80% higher than without operation, for KtP¼1.0
and 1.2 this reduces to 60% and 50%, respectively (Table 2). Gen-
erally, increasing cycle frequency combined with high cycle mag-
nitude leads to higher SSR in the system, due to high kinetic
energy input during inﬂow sequences and fast changes in ﬂow
direction. Especially during the ﬁrst settling period, cycle fre-
quency is a key parameter affecting the efﬁciency of the entire
operational sequence. If in this phase high cycle frequency is
applied, the SSR can be considerably increased for the ﬁrst cycles
as well as for durations up to t/tm¼1.2.
5.3. Relative sequence duration
The inﬂow and outﬂow cycles observed in engineering appli-
cations are rarely regular in magnitude and frequency. Thus, in
addition to the tested ranges of discharges and cycle duration, the
relative sequence duration, tP,IN/tP,OUT, was varied in two tests. For
an inﬂow sequence of half of the outﬂow sequence, a net water
withdrawal from the main basin results. The opposite scenario
consists in a reduction in outﬂow to half of the inﬂow sequence
duration.
Fig. 15 shows that a relative sequence duration tP,IN/tP,OUT¼2.0
results in considerably higher suspended sediment ratios. Inﬂow
sequences are intercepted by shorter outﬂow sequences. Particle
settling is reduced due to frequent and repetitive increase of tur-
bulence in the test chamber. The mean relative increase achieves
50% and at the end of ﬁve cycles INCm,SSR¼0.43.
5.4. Initial sediment concentration
The initial sediment concentration inﬂuences the suspended
sediment ratio, SSR, by up to 40%. Compared to the reference state
without operation, higher initial sediment concentration leads to
increased SSR, as shown in Fig. 16. While for C0 ¼ 0.3 and 0.8 g/l
the mean relative error ﬂuctuates around INCm,SSR ¼ 0.10 where as
INCm,SSR ¼ 0.30 for C0 ¼ 1.5 g/l.
5.5. Intake position
Fig. 17 shows the results for three prolongated tests for
tm¼8197 s, KtP¼1.0, and different intake positions, zi/BMB, above
the reservoir bottom. On the one hand, inﬂow and outﬂow
sequences increase SSR not only over ﬁve cycles, but also over up
to ten inﬂow and outﬂow cycles. On the other hand, an intake
located closer to the reservoir bottom or to the free surface gen-
erates ﬂow conditions to keep ﬁne sediment in suspension. For an
intake position closer to the bottom (zi/BMB¼0.125) or the free
water surface (zi/BMB¼0.375), SSR ratios are up to 80% higher than
for the reference test and 20% higher compared to the initial intake
position, zi/BMB¼0.25. Ampliﬁed vertical recirculation keeps more
particles in suspension.
Fig. 15. Mean suspended sediment ratio, SSRm, (a) and mean relative increase, INCm,SSR, (b) as a function of dimensionless time, t/tm, for C0 ¼ 0.8 g/l, KtP ¼ 0.6, Q ¼ 0.7 l/s,
and different relative sequence durations, tP,IN/tP,OUT. The dashed line represents the settling curve of suspended sediment in stagnant water.
Fig. 14. Mean suspended sediment ratio, SSRm, (i) and mean relative increase, INCm,SSR, (ii) as a function of dimensionless time, t/tm, for C0¼0.8 g/l, with different cycle
frequencies, KtP, and discharges Q¼0.3 (a), 0.7 (b), and 1.1 l/s (c). The dashed line represents the settling curve of suspended sediment in stagnant water.
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The inﬂuence of repetitive inﬂow and outﬂow sequences on the
suspended sediment settling processes of a system consisting of
two connected reservoirs was studied in laboratory experiments.
Test results reveal that settling of ﬁne particles near an intake/
outlet structure can be considerably reduced by inﬂow and out-
ﬂow sequences. Compared to “no operation” conditions withsettling of ﬁne sediment in stagnant water, the amount of ﬁne
particles kept in suspension by inﬂow and outﬂow discharge is
increased by up to 80%, depending on cycle magnitude and fre-
quency as well as the intake location above the reservoir bottom.
High cycle magnitude and frequency lead to the maximum sus-
pended sediment ratio in the system, correlated to the inﬂow and
outﬂow cycles.For all tested conﬁgurations, the sediment balance
of the system remains in equilibrium, indicating that the inﬂux
Fig. 17. Mean suspended sediment ratio, SSRm, (a) and mean relative increase, INCm,SSR, (b) as a function of dimensionless time, t/tm, for C0¼0.8 g/l, KtP¼1.0, Q¼1.1 l/s, and
different intake positions, zi/BMB. The dashed line represents the settling curve of suspended sediment in stagnant water.
Fig. 16. Mean suspended sediment ratio, SSRm, (a) and mean relative increase, INCm,SSR, (b) as a function of dimensionless time, t/tm, for KtP ¼ 0.6, Q ¼ 0.7 l/s, and different
initial sediment concentrations, C0. The dashed line represents the settling curve of suspended sediment in stagnant water.
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the inﬂow and outﬂow cycles.
Applied to a real-life problem, i.e. the arrival and deposition of
a turbidity current in the area of a pumped-storage intake/outlet
structure, it is expected that important settling occurs during the
ﬁrst hours after the turbidity current event, which cannot entirely
be avoided by an adequate plant operation. However, according to
experimental results, the quantity of ﬁne sediment kept in sus-
pension can be considerably increased when operating the plant at
high discharge and with short pumped-storage sequences in this
phase. Later on, pumped-storage operation at a high cycle mag-
nitude is the most promising measure to slow down sediment
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